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Abstract 
 
   Entanglement plays a crucial role in fundamental physics like the black hole information loss problem. 
This problem can be summarized as follows: if the unitarity in quantum mechanics is correct even in the 
presence of a black hole then initial states of a quantum field must be one-to-one mapped to final states. 
However taking into account the emission of Hawking radiation, a pure state in a black hole space-time 
might evolve into a thermal-mixed state as suggested by Hawking.  
   Assuming black hole unitarity requires new ideas. If unitary must be preserved and the initial state 
of the total system is a pure state, then there must be some quantum system referred to as ``purification 
partner'', such as the composite system of the Hawking radiation and its partner is in a pure state. In 
general, the Hawking modes are entangled with the partner modes. These purification partners so far 
have been studied only for 1+3 dimensional evaporation of black holes.  
   Entanglement is not only crucial for the black hole information loss problem, but it is also important 
to quantum information technology since entanglement is one of the main resources in order to perform 
quantum tasks. Some quantum protocols like quantum computation or quantum cryptography use it to 
improve efficiency compare to classical protocols. The quality of that entanglement will influence the 
efficiency.  
  It is very well known that the vacuum of a quantum field carries an infinite amount of quantum 
entanglement. The divergence comes from an ultraviolet cutoff. Therefore, it is of interest to consider how 
to extract the entanglement of a quantum field in the vacuum state. Protocols that allow to extract 
entanglement from a quantum field to a system (detector) controlled by an experimenter are commonly 
known as entanglement harvesting. However, in the protocols to date the external systems are not in a 
pure state after the harvesting and the quality of the entanglement is very low. Therefore it is an 
interesting question to consider the case in which a large entanglement between two field subsystems in 
a pure state is swapped (harvested) to two external systems. 
 
   The following is a summary list of the achievements in this dissertation: 
 
1) General formula for purification partners in an arbitrary Gaussian state in arbitrary dimensions 
 
   Consider a quantum scalar field in a pure Gaussian state. We consider an arbitrary mode A as a 
subsystem of the field. When the reduced state of A is in a mixed state, we found a general formula for 
the purification partner system B of A. Our formula naturally includes the spatially separated partners 
(SSP), whose spatial profiles do not have any overlap with A. By using our formula we obtain a new class 
of partners. Since these purification partners have a spatial overlap with A, we call them spatially 
overlapped partners (SOP). In general, for an arbitrary mode A the associated partner B is a SOP. Our 
formula can also be applied to the case in which there is a general free evolution by a bi-linear interaction. 
For example, it can be applied to free fields in a black hole space-time, or expanding universe models. The 
partner stores the information of the evolution parameters like the black hole mass or the Hubble 
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parameter. This information is also imprinted in the entanglement between A and B.  
  The SOP may shed a new light on the black hole information loss problem. In the previous work the 
authors focused only on a simple case of SSP. The SOP in a black hole scenario yields a new scheme for 
quantum information storage about the initial gravitational collapse. This SOP may also improve the 
analysis of the cosmological Bell inequality breaking for scenarios like the one proposed by Maldacena. A 
scenario based on entangled particles in a mixed state. The purity condition on localized SOP may 
contribute to the sensitivity of the Bell inequality breaking.  
 
2) New entanglement harvesting protocol for a field in the vacuum state  
 
   We started from a discretized free field in the vacuum state. By taking the limit of zero lattice spacing, 
the entanglement entropy diverges. This result of the divergent entanglement entropy comes from the 
contribution of all the SSP. Our results show that even though the lattice spacing remains finite, it is 
possible to extract an infinite amount of entanglement of the pure-state SOP out of the field. This 
enhances the efficiency of entanglement harvesting. It should be stressed that our results only require 
that the interaction between the main system and the external device system for the harvesting to be just 
a bi-linear interaction. We do not need any non-linear interaction to achieve that. This feature will help 
the experimental implementation of entanglement harvesting. Finally we show that a huge amount of 
entanglement requires a huge amount of energy cost of the protocol. 
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論文審査の結果の要旨 
 
Trevison Solano 氏の本博士論文では、曲がった時空上の量子自由場の２つの部分系が純
粋状態を組む「パートナー」を構成するためのもっとも一般的公式を構築している。空間
的な重なりをもつパートナー（spatially overlapped partner、SOP）という新しい概念
を導入し，それに対応した状態をこの公式から得られることが示されている。このパート
ナーの純粋状態は量子記憶装置の役目を担い、ブラックホール蒸発における情報喪失問題
や、インフレーション宇宙で生成されると考えられている CMB の揺らぎが、本当に量子
揺らぎ由来であるかを実証する問題などへの応用が期待されているが，本論文では２次元
の膨張宇宙モデルで、どのように宇宙の膨張率の情報がパートナーに保存されるかが解析
されている。また得られた一般公式は、量子場の真空状態に含まれる無限大の量子もつれ
の一部を取り出して量子通信や量子計算などに応用する「量子もつれハーべスティング」
にも応用できる。既存の方法では、混合状態の量子もつれしか取りさせなかったが、今回
純粋状態にあるパートナーを同定できる公式を作ったことで、真空から採りだされる量子
もつれの質が格段に良くなる方法を構築できた。簡単な相互作用にも関わらず、測定にお
けるスクウィージングパラメタを制御でき、またある極限では無限大の量子もつれも抽出
可能であることを示した。ただし，その操作のエネルギーコストも発散するために、実際
の実験では多大なエネルギーを必要とすることも示した。  
 論文の内容は，問題の設定や結果に至る経緯が論理的に記述されており，分野の背景な
ども含めて良く書かれている。発表もしっかりとしており質疑応答においても特に問題は
なく，自立して研究活動を行うに必要な高度の研究能力と学識を有することを示している。
したがって，Jose Daniel Trevison Solano 氏提出の博士論文は，博士（理学）の学位論 
文として合格と認める。 
